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Introduction

22
The appendages of cephalopods (i.e., the arms and tentacles of squids and cuttlefish, the octopus arms, and the nau-23 tilus tentacles) are elongated muscular structures, composed of a tight 3D musculature maintaining constant volume 24 despite large deformations (termed muscular hydrostats [1] ). Cephalopods may use their arms and, for squids and cut-25 tlefish, also their fins, to perform a large repertoire of movements and behaviors [2, 3] . We are interested in investigat-26 ing the individual role of octopus arms in aquatic locomotion and the generated hydrodynamic forces, which have not 27 been explored in detail. Studies of fish swimming (as well as of bird flight) have shown that various marine animals, 28 as well as birds, are able to exploit and control perturbations found in the surrounding fluid (e.g. vortices and eddies), 29 in order to limit the levels of energy consumption and augment the produced thrust [4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14] .
30
This work aims to investigate the flow dynamics around intense octopus-like motions, in an attempt to shed light on 31 the underlying mechanisms and the energetics of cephalopod swimming.
32
The main difficulty in numerical flow simulations around time-varying geometries involving intense motions, is 33 that the computational grid must deform over time, following the motion of the body (body-fitted methods). Finite of capturing in great detail the boundary layer around the swimming body and can simulate flows at high Reynolds 37 numbers. They also allow for a direct application of the boundary conditions on the moving body. However, the mesh 38 generation is demanding and the computational cost, for methods involving moving mesh or re-meshing strategies at 39 every time step during a simulation, can be significantly high. For large grid deformations, in particular, re-meshing 40 may affect the stability and accuracy of the numerical scheme [15] . capturing the fundamental characteristics of complex movements and was also used in this work. 
Arm geometry and motion approximation
87
A first attempt to model realistic movements of individual cephalopod appendages, such as the reconstructed 88 trajectories shown in Figure 1 , is to consider simplified rotations of a slender octopus-like arm, around its fixed base.
89
The arm was approximated with a right circular conical frustum, of a 9.75:1 taper ratio (length, L, to base-diameter,
90
D) and a 17.5:1 aspect ratio (length to mean-diameter), for numerical simulations in quiescent fluid (Figures 2, 3 3D arm trajectories, during arm-swimming motion, in the way described in the previous paragraph and presented in 97 Figure 1 . The profiles can be formulated as follows:
where A is the amplitude of oscillation, ω r is the angular velocity of the recovery stroke (upstroke), and ω p = βω r 100 is the angular velocity of the power stroke (downstroke). is the power stroke duration, and T is the total duration of the cyclic motion (T = T r + T p for sculling). The functions 
In addition to purely sinusoidal and sculling rotations of the arm, we investigate the effect of prescribed arm that is, vertically to the longitudinal axis of the arm, according to the following function
where m is the scaled amplitude of the undulatory deformation and w is the number of wavelengths propagating along the arm. For both the sinusoidal oscillation and sculling motions, the values of m = 0.1 and w = 0.05 were assumed.
111
f {r,p} is the frequency of the traveling wave during the recovery and power strokes, respectively, and χ {r,p} is the phase 112 shift for the recovery and power strokes, respectively.
113
For oscillation + undulation:
For sculling + undulation:
It is noted, that as a result of the unidirectional deformation, the arm elongates negligibly during the cyclic motion,
114
and the tip acquires slightly sharper edges than when undeformed (Figures 2e, 2f ).
115
All numerical solutions are initiated with an undeformed arm, at rest. A sigmoid function was applied to the defor-
only for the first few time steps of the 1 rst cycle, in order to create small increments of the deformation 117 displacement and facilitate the simulation. The expression assumed for the sigmoid was as follows
where a represents the growth rate and b sets the displacement of the sigmoid function along the arm's length. For 119 both sinusoidal oscillation and sculling, the values of a = 9 and b = 0.9 were chosen. S (t, a, b) was equal to 1 for 120 t > 0.25T , during sinusoidal oscillation, and for t > T r , during sculling. 
where u=[u, v, w] is the velocity vector, ρ is the fluid density, p is the pressure, and ν is the kinematic viscosity. The 
163
The CURVIB method is coupled with the matrix-free Newton-Krylov solver, available in the PETSc library, for 164 the implicit solution of the momentum equations, and a very robust, multigrid-preconditioned GMRES solver, for the 165 solution of the pressure-correction equation [25] . The flow solver is parallelized using the MPI and PETSc libraries.
166
The background fluid mesh is parallelized by assigning a set of grid nodes to each processor using the PETSc's 167 modules, which also manage parallel communications for structured mesh problems. The walltime per one step of 
180
The total hydrodynamic force, F, acting on the moving arm can be decomposed into the three Cartesian compo- 
where i = {x, y, z} and A is the reference area, here taken as the projected frontal area of the undeformed arm. 
Results of sinusoidal arm oscillation combined with arm undulation 210
The sinusoidal rotation of the arm (motion profile of Figure 2a ) was subsequently combined with a wavelike (Figures 5a, 5c) .
225
There appears to be greater flow disturbance in the region near the tip's leeward side, shedding an extended street and β = 3. This motion profile was prescribed by a set of polynomial expressions P 1 , P 2 , P 3 , according to Equations motion examined here involves a smaller angular span than the sinusoidal oscillation described earlier. 
Results of arm sculling combined with arm undulation
254
The sculling rotation of the arm (motion profile of Figure 2b ) was combined with a wavelike arm undulation, 
Discussion and conclusions
282
The hydrodynamic propulsive force coefficients generated in the direction of positive z (that is, towards the arm 
289
Incorporation of arm deformation appears, thus, to increase the output thrust of the combined system. Indeed, a 290 single arm rotating as a solid body around its base is a single-degree-of-freedom system, with a single joint at its base.
291
This system adds some energy to the surrounding flow field in the form of the vortical structures seen in Figures 5a, 292 5c and 8a, 8c. The prescribed wavelike undulations of the arm, however, increase drastically the number of degrees-293 of-freedom of the system, since every finite element on the arm's surface can be thought to act as a finite joint, adding 294 extra energy to the flow field (Figures 5b, 5d and 8b, 8d) ; and, hence, producing extra thrust. This case differs from a compliant arm that would deform as a result of its interaction with the flow, and would require a fluid-structure 296 interaction numerical approach to investigate.
297
We are interested specifically in the prescribed activation of the arm, that would be based on realistic octopus 298 arm kinematics (such as that of Figure 1 ), since octopus appendages are known to actively take part in many of the 299 observed behaviors (e.g., arm-swimming, head-up swimming, crawling, etc.). Admittedly, these movements are far 300 more complex than the simplified motion profiles we considered here. We used the immersed boundary approach in 301 order to simulate the deformation of an arm during these simplified movements and better understand the unsteady 302 hydrodynamics of the mechanism, since the extremely large deformations of the mesh required with body-fitted 303 finite-element or finite-volume approaches, are very hard to achieve even with the most advanced mesh deformation 
